INTRODUCTION
With the promising change in the transport paradigm, several models of Electric Vehicles (EVs) are already available in the market. As example, for the United States it is predictable that the EVs will represent 64% of the light vehicles sales and 24% of the light vehicle fleet until 2030 [1] . Consequently, the interest of the scientific community in the development of technology related with electric mobility has been reflected in several publications. As example, in [2] is presented an overview about the state-of-the-art of EVs, hybrid EVs, and Fuel Cell Vehicles, and in [3] are presented the main architectures and modeling for energy management of these vehicles. This new paradigm of transport represents an asset to an effective reduction of greenhouse gases emissions [4] . Moreover, taking into account the energy resource constraints, the EVs can also be integrated in the power grid in conjunction with renewable energy [5] [6] .
The main purpose of the EV battery charging systems is charge the batteries (Grid-to-Vehicle, G2V). Nevertheless, they can also be designed to provide several additional features to the power grid, aiming to operate as distributed energy source and as smart load. Some of these features are related with deliver back to the power grid part of the energy stored in the vehicle battery (Vehicle-to-Grid) [7] [8], operation as an active element in the power grid aiming produce reactive power to correct the power factor [9] , and operation as isolated voltage source [10] . Despite the positive benefits of these features, the massive proliferation of EVs cannot be neglected, otherwise they can overload the power grids, because they were not conceived to support the massive proliferation of this new load [11] . The integration and consequent impact of EVs in the power grids is discussed in several papers in the literature [12] [13] , where, for instance, can be found studies for China [14] or Canada [15] .
Besides the controlled integration of EVs in the power grids, the power quality is also an important issue that must be contemplated in the EV battery charging system [16] . Therefore, the ac current of the EV battery charging system should be sinusoidal and in phase with the power grid voltage, aiming to regulate the power factor [17] . The combination of these subjects shows that the electric mobility is one of the main topics in the future smart grids [18] . There are several projects related with smart grids around the world, including the possibility of the dc distribution in power grids [19] . In parallel with the growth of smart grids, will arise the smart home concept with efficient energy management systems [20] [21] . In this context, it will be required smart EV battery chargers to perform the battery charging process according with the home energy management.
Taking this sequence of ideas, this paper proposes the use of an EV battery charger that can adapt its current in function of the other loads current in the home. This functionality aims to prevent overcurrent trips of the main switch breaker. Fig. 1 shows a block diagram that represents this concept, where i G represents the total current in the home, i LD the current of the loads, and i EV the EV charging current. According with the proposed strategy, the EV charging current (i EV ) is function of the loads current (i LD ), aiming to maintain the total home current (i G ) controlled, and avoiding trips in the main switch breaker. For such purpose, as shown in Fig. 1 , the home loads current is measured in the electrical switchboard and the data is 978-1-4799-6782-7/14/$31.00 ©2014 IEEE send to the EV. This concept will be further discussed in order to complement this analysis.
Besides the introduction, the rest of this paper is organized as follows. In section II is presented the system description and its relation with literature. In section III is presented the digital control implementation of the control algorithms for the EV battery charging system. In section IV are presented some experimental results that show the benefits of the smart charging management for EVs battery chargers presented in this paper. Finally, in section V are presented the main conclusions obtained in the scope of this paper.
II. SYSTEM DESCRIPTION
As is presented in Fig. 1 , the system is composed by the EV battery charger, the home electrical switchboard, and the home loads. The EV battery charger uses the data from the loads current sensor to use it to adjust its own instantaneous current in accordance with those values. In order to implement this smart charging strategy, it is established that the maximum power available in the home is the power defined by the signed contract with the electricity service provider. To guarantee that the contracted power is not exceeded, the service provider installs a circuit breaker rated to the nominal current. In this situation, the maximum current allowed (the current to charge the EV battery plus the loads current) is established by the main circuit breaker installed in the home electrical switchboard.
In a typical situation, the EV is plugged in a home socket to perform the battery charging process without any concern about the contracted power for the home. In order to obtain reliable data about an EV battery charging process it was monitored the EV Renault Fluence charging process [22] . This monitoring was performed at University of Minho (Portugal) under secure and controlled conditions and with an appropriated electrical installation. To obtain the results was used a FLUKE 435 Power Quality Analyzer, programmed to register every 1 minute the rms value of the power grid voltage and current. The EV battery charging process was monitored several times in different conditions, for instance, performing the battery charging process after a full discharge and with different ambient temperatures. Fig. 2 shows the rms values of the current and the power grid voltage during a typical monitoring, e.g. when the batteries are initially full discharged. As shown in this figure, the current rms value is maintained constant and equal to 10 A almost all the time. It is also important to refer that the power factor was maintained almost unitary during all the EV battery charging process and the current was almost sinusoidal, with a percentage Total Harmonic Distortion (THD% ) about 5%.
As aforementioned, the main idea behind the proposed EV battery charging strategy is to adjust the charging current aiming to not exceed the contracted power. It must be referred, that this strategy influences the time required to complete the full EV battery charging. Nevertheless, this is the price to pay to ensure that the home maximum current (fixed by the contracted power) is never exceeded and the switch breaker is not tripped. It is also important to note that if the circuit breaker trips, then the charging process stops and the charging time will be greater than in the case of reducing the charging current. Fig. 3 shows a typical daily load profile, where is presented the total home rms current (i G ) and the maximum rms current for the home. In this case, it was assumed that the maximum current to prevent the switch trip is 16 A, once is the most typically value for homes in low voltage (nominal phase-neutral voltage of 230 V). As it can be seen in Fig. 3 , the 
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peak current occurs after seventeen hours. Considering this daily load profile and taking into account that private vehicles are parked at home between 7 pm and 8 am, if the EV battery charging process is performed without any control, then the home main circuit breaker (rated to 16 A) probably will trip. This situation is illustrated in Fig. 4 , where the EV starts the battery charging process at 7 pm and finishes the process at 3 am. As shown, for this situation, the maximum current (16 A) was exceeded between the 7 pm and 0 am. On the other hand, considering a smart EV battery charging process, the home current is maintained below the circuit breaker rate and the trips are avoided. This situation is illustrated in Fig. 5 . As shown, for this situation, the total home current was maintained constant during 10 hours, between 7 pm and 5 am. In this case was required more time than the expected (according to the time specified by the manufacturer) to perform the full EV battery charging process. However, the switch breaker never trips during the EV battery charging process. It is important to note that the overcurrent situation (switch breaker trips) can occur even with dedicated EV home installation, once it is not possible predict the loads connected at the home electrical installation. Although these results portray a specific case, it is quite representative of the EV battery charging at home.
III. DIGITAL CONTROL IMPLEMENTATION
Aiming to evaluate the proposed strategy it was adapted a bidirectional EV battery charger prototype to operate in accordance with the aforementioned strategy. The EV battery charger prototype that was used is composed by two power converters: one ac-dc front-end power converter; and one dc-dc non-isolated power converter. These converters are connected through the dc-link.
The ac-dc converter is synchronized with the power grid fundamental voltage through a single-phase Phase-Locked Loop (PLL) described in [23] . From this PLL is obtained a sinusoidal signal (pll) that corresponds to the fundamental component of the power grid voltage. The block diagram of this PLL is presented in Fig. 6 . As aforementioned, the total home loads current is the variable that must be measured in order to implement the proposed strategy. In the scope of this paper the instantaneous value of the home loads current is measured using a current sensor and the values are acquired by the EV battery charger, where is calculated the rms value, according with:
The discrete implementation that allows calculate the rms value is obtained according with:
where, is the number of samples used in each cycle of the power grid voltage (in this case, using a sampling frequency of 40 khz, N=800). This equation allows calculate the rms value during one cycle (50 Hz). With the rms value of the home loads current and knowing the maximum current allowed by the main switch breaker installed in the electrical switchboard, it is determined the maximum rms current for the EV battery charging system, defined by:
This rms current is the maximum reference to the ac-dc full-bridge converter, and it will determine the battery charging current, controlled by the dc-dc power converter. The rms current is expressed in function of the power reference used to regulate the dc-link voltage using a PI controller (P DC * ), the current and voltage in the batteries (I BAT and V BAT ), and the power grid voltage (V G ), according with:
Rewritten (4) and putting in evidence the battery charging current is obtained:
This equation provides the constant current reference for the batteries charging process, where the current limit imposed by the rms current (I EV ) of the ac-dc converter. The battery charging process is performed by the dc-dc converter, in which the current is controlled through a PI controller. The batteries are charged with constant current, but the reference value can change along the process, e.g. the batteries can be charged with constant current of 5 A during 30 minutes and then change the current value for 7 A during 10 minutes.
From (4), which provides the rms value of the ac-dc front-end converter, it can be calculated the instantaneous current for this converter using:
This current is controlled using a predictive current control with a unipolar PWM modulation strategy. The switching frequency is fixed in 20 kHz. The discrete implementation of this current control is defined by: 
IV. EXPERIMENTAL RESULTS
The proposed EV battery charging strategy was validated under realistic conditions in a laboratory environment. For such purpose was used the aforementioned EV battery charger prototype. Fig. 7 shows the laboratory workbench used to obtain the experimental results, which were obtained with a Yokogawa DL708E digital oscilloscope. Fig. 8 shows the transient response of the EV battery charger current in function of changes in the home loads current, during a period of 50 seconds. In this figure is presented, respectively, the rms values of the total home current (i G ), the loads current (i LD ), and the EV battery charger current (i EV ). As can be seen, the EV battery charger current is adjusted with a smooth response, after a delay needed to update the rms value of the loads current. In this situation the total home current is maintained almost constant and equal to 16 A, while the load current has a maximum variation of 5 A, which corresponds to the same variation in the EV battery charger. Fig. 9 shows the same variables during a period of 10 seconds to illustrate in detail the system response in function of a transient change in the loads current of 7 A. Fig. 10 shows in detail the waveform of the power grid voltage (v G ), the EV battery charger ac current (i EV ), and the EV battery charger dc current (I BAT ) during the battery charging process (G2V operation mode). As shown, although the power grid voltage is slightly distorted, the EV battery charger current is sinusoidal and the power factor is controlled. Taking into account that the battery charger can operate in bidirectional mode, the EV can be used to provide energy to the power grid (V2G operation mode). Fig. 11 shows an example of this situation.
V. CONCLUSIONS
This paper proposes an Electric Vehicle (EV) smart battery charging strategy for targeting the future smart grids. Nowadays, the EV is plugged to the home to perform the battery charging process without any concern about the contracted power for the home. Therefore, it is predictable that will occur overcurrent and the main switch breaker will be tripped. The strategy proposed in this paper consists in regulating the EV battery charging current in function of the home current. In order to evaluate the proposed strategy it was adapted a bidirectional battery charger prototype to operate in accordance with the required algorithm. The experimental results, obtained both in steady and transient states, show that the EV battery charger prototype with the proposed strategy operates correctly, even under heavy load variations. The results also show that it is possible to perform a superior EV charging management so that the contracted power is never exceeded. 
